Abstract. Population structure, growth and reproductive activities were investigated over one year for the boring isopod Sphaeroma sieboldii Dollfus, 1889 for a population burrowing in sand-stone. The occurrence of heterosexual pairs peaked in spring, followed by the peak occurrence of ovigerous females and females cohabiting with early juveniles in the summer. This suggests the reproductive season is from spring to summer. For adult males that had penes, three reproductive stages were recognized: large-sized males with mature appendices masculinae, intermediate-sized males with immature appendices masculinae, and small-sized male without appendices masculinae. Most of the males pairing with females were large-sized males with mature appendices masculinae, while most of the pairing females were smaller than the partners, carrying small, non-functional oostegites. Males with mature appendices masculinae were frequent from winter to summer, covering the reproductive season. Size-assortative pairing was found in the peak season of heterosexual coupling. Sex ratios were female-biased in all months. Observation of the interior reproductive organs confirmed that adult females had ovaries, while most males had both ovaries and male reproductive tracts. Some males with mature appendices masculinae were found to have degenerated ovaries. These findings suggest that protogynous sex change occurs in S. sieboldii.
Introduction
The isopod Sphaeroma sieboldii Dollfus, 1889 is found inhabiting rocky shores burrowing in wood or sandstone. It has been reported to lack the appendix masculina, which is attached to the endopod of the second pleopod (Shiino 1957 ) and serves as a male secondary sex characteristic that is used to transfer sperm to the female (Messana 2004) . The lack of appendix masculinae is rare in isopods, but has occasionally been reported in Sphaeroma species, including S. terebrans (Venkata Krishnan and Nair 1973a) , S. sieboldii, S. retrolaevis (Shiino 1957) and S.
wadai (Murata and Wada 2002) . Messana (2004) has reported the mating behaviour of S. terebrans, in which the male releases sperm into the water current created by the beating of the female s pleopods.
In our field survey conducted at Tanabe Bay in Wakayama Prefecture in 2016, many S. sieboldii specimens, including males with and without appendices masculinae, were collected. Males were found to form pairs with females in the burrow, and males with appendices masculinae showed posterolateral projections of the seventh pereonal somite (Figure 1 ), which had not previously been reported in S. sieboldii. In this study, we investigated the popula-
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tion structure, growth and reproductive activities of S. sieboldii over 1 year, focusing on whether males with and without appendices masculinae represented different male morphs or different growth stages.
The life history and population biology of the genus Sphaeroma have been studied for several species, including S. hookeri Leach, 1814 (Jensen 1955; Kouwenberg and Pinkster 1985) , S. quadridentatum Say, 1818 (Borowsky 1996) , S. rugicauda Leach, 1814 (Harvey 1969; Heath and Khazaeli 1985) , S. serratum Fabricius, 1787 (Harvey 1969; Kittlein 1991) , S. terebrans Bate, 1866 (Thiel 1999 ), S. wadai Nunomura, 1994 (Murata and Wada 2002 and S. walkeri Stebbing, 1905 (Ounifi et al. 2015 . Among these, S. terebrans and S. wadai show boring habits similar to S. sieboldii, and S. wadai sometimes co-occurs with S. sieboldii (Murata and Wada 2000) . Since the life history characteristics of S. wadai, such as sexual dimorphism, prolonged mate-guarding, and cohabiting of females and offspring, have been suggested to be related to its boring habit (Murata and Wada 2002) , it is expected that S. sieboldii exhibits a similar pattern of life history to S. wadai. This study also aimed to investigate the life history of S. sieboldii and compare it with other Sphaeroma species.
Materials and Methods
Sphaeroma sieboldii was sampled every month during spring low tide at Tanabe Bay in Wakayama Prefecture, Japan (33°42′08″N, 135° 23′22″E) from December 2016 to November 2017. During each sampling, sandstones with burrow openings were collected until a 15-liter bucket was filled. The collected stones were taken to the laboratory and carefully broken down with tweezers to collect sphaeromatids from their burrows. Then, all samples were fixed in 70% ethanol. Individuals found in the same burrow were preserved together in the same vial.
Body length (BL) of each isopod was measured with electronic calipers after stretching then out dorsoventrally using forceps. Sex was determined based on the presence or absence of penes appendages (male) or oostegites (female). Females were divided into four groups: those without oostegites, those with oostegite buds attached to the base of the pereopods, those with large oostegites, and post-ovigerous females with large oostegites. Males were divided into three groups: those lacking appendices masculinae, those with immature appendices masculinae and those with mature appendices masculinae. In total, 20 individuals were dissected for each of the following six groups, males with mature appendices masculinae, males with immature appendices masculinae, and males lacking appendices masculinae, females without oostegites, females with small oostegite buds and females with large oostegites. Moreover, the presence of male and female gonad types in these individuals was confirmed. The sex of individuals smaller than 5.0 mm BL could not be determined, which were thus considered juveniles. Juveniles were divided into two groups: those with and without seventh pereopods. A male and a female found in the same burrow were categorized as a paired male and female. Ovigerous females were dissected, and the number and developmental stages of the embryos were recorded. Developmental stages of the embryos were classified into the following four groups according to the categorization of Thiel (2003) : stage A: embryos with an egg-like appearance shortly after fertilization; B: embryos hatched from eggs; C: appendage-developing embryos with increasingly visible pereonal segmentation; and D: embryos resembling juveniles in appearance, ready to emerge from the marsupium.
Results

Body size
Males with appendices masculinae measured 6.40-14.27 mm BL (n 588), whereas those without appendices masculinae measured 5.25-11.15 mm BL (n 515). The mean body length of males with appendices masculinae was significantly greater than that of males without appendices masculinae; males with immature appendices masculinae showed values intermediate between males of the former two groups (Table 1) . Males lacking or with immature appendices masculinae were morphologically similar to females, but males with mature appendices masculinae differed from females in having posterolateral projections of the seventh pereonal somite. Males with mature appendices masculinae were significantly larger than all groups of females; males lacking appendices masculinae were significantly smaller than females with oostegites yet larger than females without oostegites (Table 1 ). In total, 16 individuals with both penes and oostegites were collected in January, March, May, June, August and September, including ovigerous (n 1) and post-ovigerous individuals (n 3). Mean body length of these individuals was 9.40 1.14 (7.62-11.35) mm.
Population structure
Monthly changes in the population structure from December 2016 to November 2017 are shown in Figure 2 . The peak population and maximum body length were higher from winter to spring and declined from June to September, with individuals larger than 10 mm BL almost disappearing from August to October.
Juveniles lacking seventh pereopods were recorded from May to November, with the first peak in May and June and the second peak in August and September. Juveniles recorded in early summer grew to an adult size (body length 5.0 mm) before overwintering, and juveniles recorded in late summer attained the adult size by the following summer Ovigerous females emerged from March to October and dominated over all other groups in terms of the proportion of individuals whose body length exceeded 5.0 mm in May and September.
There was a significant difference in body 
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length of ovigerous females between these months (mean SD 7.73 0.80 mm in September, 9.33 1.07 mm in May; t 13.7, p 0.001). Post-ovigerous females emerged from June to November, peaking in June and October when the proportion of ovigerous females fell. Relative numbers of immature females (without oostegites) were low in May and June and increased gradually by winter. Females with small non-functional oostegites were recorded throughout the year; the relative number was low in autumn, which then gradually increased and showed high values from winter to spring. Males with appendices masculinae emerged throughout the year, indicating a definite seasonal pattern ( Figure 3A ). Their proportions among males exceeding 5.0 mm in body length were 0.4-0.8 between December 2016 and July 2017, then gradually decreased and scarcely occurred in October and November. Males without appendices masculinae occurred throughout the year, with their proportion being higher in autumn. Males with immature appendices masculinae were recorded in all months except in August and September, with their proportion being higher in November, December and January. The proportion of males without appendices masculinae was lower than that of males with appendices masculinae from December to July, and the reverse was true from September to November. In October and November, when the proportion of males with appendices masculinae scarcely occurred, the proportion of males without appendices masculinae was higher.
The monthly sex ratio (percentage of males to females) was biased towards females throughout the year (61.6%, SD 13.6%, range: 39.2%-90.5%), showing somewhat low values between July and September (39.2%-48.1%) and a high value in November (90.5%).
Reproductive activities
Observations of monthly changes in the proportions of ovigerous, post-ovigerous and paired females, and females cohabitating with juveniles revealed a successive change in female reproductive activities ( Figure 3B ). Paired females were found in all months except December, with a major peak in March and a weak peak in August. The total number of heterosexual pairs was 194, of which 174 constituted a male with appendix masculina and a female with small non-functional oostegites. A female paired with a male without an appendix masculina was observed on 20 occasions. In most of these heterosexual pairs, males were positioned above females in the burrows ( Figure 4A ). Males were usually longer than females they paired with (171/189), and body lengths of paired females and males in the early pairing season were positively correlated (March, r 0.55, p 0.0001, n 73; February, r 0.54, p 0.0074, n 23); however, no significant correlation was found in other months (January, r 0.34, p 0.4599, n 7; April, r 0.34, p 0.0543, n 32; May, r 0.58, p 0.2824, n 14; June, r 0.59, p 0.1232, n 8; August, r 0.53, p 0.0533, n 14; September, r 0.12, p 0.6563, n 16). Moreover, homosexual pairs were observed on 38 occasions in females and on 10 occasions in males. Notably, some individuals with both penes and oostegites were found to pair with females (three occasions in March) and with males with appendices masculinae (one occasion in May and two occasions in August). Among these, the individual observed in May produced embryos at an early developmental stage.
Females cohabitating with juveniles were recorded from May to September, with a major peak in June and a weak peak in September. Many juveniles lacking seventh pereopods were found in the same burrow together with mature females (393 out of the 546 individuals collected from May to September); they were positioned below the females in the burrow ( Figure 4B ). Juveniles cohabitating with a male (41/546), as well as juveniles in a burrow lacking an adult, were observed (112/546).
Embryos carried by females
Monthly changes in the proportions of females carrying eggs at each developmental stage and post-ovigerous females are shown in Figure 5 . From March to May, and August to September, more than half the females with large oostegites were carrying embryos at early developmental stages (stages A and B), while in other months, more than half the females with large oostegites were post-ovigerous (E) or were carrying embryos at late developmental stages (stages C and D). Approximately 89% of the ovigerous females carried embryos in the same developmental stage, while the remaining females (11%) were carrying embryos in multiple stages. Figure 6 shows the correlation between the number of embryos at stage A and the body length of ovigerous females. There were significant positive correlations between body length and the number of embryos (r 2 0.67, p 0.0001, n 175). The average number of 
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embryos was 41.4 (SD 23.09, range 10-131).
Observation of gonads
The body length range of the 20 dissected individuals for each group was as follows: males with mature appendix masculinae, 8.3-13.2 mm; males without appendix masculinae, 5.6-9.3 mm; males with immature appendix masculinae, 7.6-11.6 mm; females without oostegites, 5.1-9.1 mm; females with small oostegite buds, 6.1-11.7 mm; and females with large oostegites, 6.7-9.2 mm. Micrographs of gonad morphology obtained by binocular microscopy are shown in Figure 7 . All females from the three groups had ovaries, whereas most males from the three groups had both ovaries and a male reproductive tract (n 56). In males, many individuals had degenerated ovaries (n 35) except those without appendices masculinae; one individual had the male reproductive tract alone (with the appendix masculina) and three individuals had ovaries (without appendix masculinae) alone. Moreover, several individuals with both penes and oostegites were dissected; these had either both ovaries and the male reproductive tract (n 3) or ovaries alone (n 5).
Discussion
Males with mature appendices masculinae were larger than those without appendices masculinae, and they had posterolateral projections of the seventh pereonal somite, which was not found in any other groups of males. Throughout the year, males with and without appendices masculinae occurred and the proportion of males with appendices masculinae was higher, except in September to November, when the larger individuals disappeared ( Figure 3A) . The proportion of males without appendices masculinae peaked just after the end of late summer breeding 
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(October), and the proportion of males with immature appendices masculinae peaked a month later (November). In addition, the mean body length of males with immature appendices masculinae was intermediate between the levels for males with and without appendices masculinae (Table 1) . The difference in body size among these male groups and the temporal changes of their proportions indicate that the presence or absence of appendices masculinae represents different male reproductive stages rather than different male morphs. Thus, S. sieboldii males with appendices masculinae represent mature males of the species, and the characters found only in these males, such as the appendix masculina and posterolateral projection of the seventh pereonal somite, are regarded as male secondary sexual characters. Sphaeroma sieboldii has been reported to lack the appendix masculina (Shiino 1957 ), but our results show that there is some period when mature males (i.e. males with appendices masculinae) are very difficult to collect. Therefore, the description of S. sieboldii may have been based on males lacking secondary sexual characters.
Observation of the gonads revealed that females had ovaries alone, but most males had both female and male reproductive tracts, with ovaries of mature males frequently being degenerated. Furthermore, the mean body length decreased in order of males with appendices masculinae, females with oostegites, males without appendices masculinae, and females without oostegites (Table 1) . These results suggest that S. sieboldii individuals initially have ovaries alone, although some individuals subsequently develop a male reproductive tract and mature as males, while others remain females throughout their lives. Furthermore, the presence of individuals with both penes and oostegites (including ovigerous and post-ovigerous females) suggests there are individuals that become male after breeding as a female. Protogynous sex change has been reported in several species of sphaeromatid isopods, such as Gnorimosphaeroma naktongense (Abe and Fukuhara 1996) and G. oregonense (Brook et al. 1994) . In G. naktongense, penes were reported to already have appeared in females at various reproductive stages, such as ovigerous, postovigerous and paired females (Fukuhara et al. 2000) . In the present study for S. sieboldii, individuals having both penes and oostegites were observed in January, March, May, June, August and September, suggesting sex change from female to male occurs during these months.
The proportions of ovigerous females, and females with juveniles each showed two peaks during the year: one being a major peak in early summer and the other being a weak peak in late summer. Larger individuals almost disappeared around late summer, and the mean body length of ovigerous females was significantly greater in early summer than in late summer. These findings suggest the juveniles born in early summer produce their first brood in late summer and overwinter. Then, they likely produce the second brood in early summer and die by late summer. Juveniles born in late summer grow overwinter and appear to produce their first brood in early summer.
Most heterosexual pairs were formed between a male with mature appendix masculina and a female with small nonfunctional oostegite. In these pairs, the female was usually positioned in the interior of the burrow and the male in the exterior, suggesting that pairing occurs via the male s entry into the female s burrow, as reported in S. wadai (Murata and Wada 2002) . The positive correlation of body lengths between paired males and females early in the pairing season (March and February) suggests that mate choice is based on the male s preference for larger females in S. sieboldii. No significant
correlation between male and female body lengths was observed in any period other than the early pairing season. This may be because most large females became ovigerous or because the sample size was too small to detect a significant correlation. Such size-assortative mating has been reported in congeneric species of S. wadai, although in this species the adult females are larger than males (Murata and Wada 2002) .
Pairing started in January, and the first ovigerous females emerged in March. Thus, mate-guarding in S. sieboldii may last for up to 2 months. In other congeneric species, the period of mate-guarding is estimated to last 5 months in S. wadai, not more than 1 month in S. rugicauda (Heath and Khazaeli 1985) and a few days in S. quadridentatum (Borowsky 1996) . Among these species, the mate-guarding span in S. sieboldii is longer than that in non-boring species (S. rugicauda and S. quadridentatum), yet shorter than that in another boring species (S. wadai).
Brood size of ovigerous females was positively correlated with their body size in S. sieboldii, as reported in other congeneric species (e.g. Heath and Khazaeli 1985; Kittlein 1991; Thiel 1999; Murata and Wada 2002; Ounifi et al. 2015) . The maximum number of embryos of S. sieboldii was 131 (11.7 mm BL), which was higher than that reported in other boring species, such as S. wadai (number of embryos: 37, 10.45 mm BL) (Murata and Wada 2002) , S. terebrans (number of embryos: 59, 10.4 mm BL) and S. annandalei (number of embryos: 101, 11.6 mm BL) (Venkata Krishnan and Nair 1973b). Therefore, female S. sieboldii carry the highest number of embryos among boring species of the genus Sphaeroma. Juveniles lacking seventh pereopods were usually found together with a mature female in the same burrow. In addition, a juvenile group without a mature female was found in a burrow. Since no juveniles with fully developed seventh pereopods were found cohabitating with mature females, it is considered that either juveniles or their mothers leave their cohabiting burrow before juveniles reach this developmental stage. In S. wadai, juveniles remain in the maternal burrow for 4 months, and such prolonged cohabitation has been posited to be related to the comparatively small number of embryos per female (Murata and Wada 2002) . Female S. sieboldii carry more embryos than female S. wadai, and the cohabitation span (around 2 months) that could be estimated from the population peak of early (without the seventh pereopods) and late (with the seventh pereopods) juveniles is much shorter in S. sieboldii than in S. wadai (Figure 2) .
Within the genus Sphaeroma, S. wadai, S. terebrans and S. annandalei, all of which show boring habits, are known to comprise females that are larger than males (Venkata Krishnan and Nair 1973a; Thiel 1999; Murata and Wada 2002) . However, in S. sieboldii, mature males are larger than females, as with other nonboring species, such as S. hookeri, S. rugicauda and S. serratum (Jensen 1955; Harvey 1969; Kittlein 1991) . Murata and Wada (2002) have concluded that the sexual dimorphism of the body size (male female) and relatively long durations of mate-guarding and cohabitation of females and offspring, which contradict the characteristics of non-boring species, are consequences of the boring habit of these species. Sphaeroma sieboldii showed similar life history characteristics to other boring species, but there were differences in durations of guarding and cohabitating (shorter than other boring species) and the direction of sexual dimorphism in body length (males females). Murata and Wada (2000) have observed S. wadai and S. sieboldii in tidesimulation tanks and reported that some individuals of S. sieboldii were active outside their burrows at night in submerged conditions, while no individual of S. wadai was ever active outside of the burrow. They also conducted
preference tests for wood and sandstone for these two species in the laboratory, in which S. wadai individuals were frequently found on wood or stone, while more than half of S. sieboldii individuals were not attracted to any hard substrate (Murata and Wada 2002) . These findings indicate that the intensity of dependence on burrows in S. sieboldii is weak compared with that in S. wadai. The differences in life history characteristics between S. sieboldii and other boring species of Sphaeroma may reflect the difference in dependence on burrowing into hard substrate.
